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We have developed a new type of magnetometer consisting of a Hybrid Quantum Interference
Device (HyQUID) that is set in a bi-stable state. We demonstrate its operation in a latching mode
that can be employed to measure small changes in the applied flux. The device can be used to probe
the flux state of a superconducting circuit using straightforward electrical resistance measurements,
making it suitable as a simple qubit readout with low back-action.
I. INTRODUCTION
The ability to detect extremely small changes in mag-
netic flux is of paramount importance in a number of
applications. One area of particular interest is the read-
out of superconducting flux qubits. Here, it is necessary
that the detector is not only able to measure extremely
small changes in the flux generated by the qubit but also
that it has minimal back-action so that it does not induce
quantum decoherence.
The quantum state of the qubit can be determined
by measurement of the magnetic flux in the system.
Typically a superconducting quantum interference device
(SQUID) has been used to achieve this [1].
Existing SQUID-based readout methods of the state
of a qubit are unsatisfactory for a number of reasons.
First, to produce a readout the SQUID is switched into
a finite voltage state, a process that strongly disturbs
both the qubit circuit and the SQUID itself. Bursts of
non-equilibrium quasiparticles are created with energies
exceeding the superconductor gap, thus ‘poisoning’ the
qubit circuit and leading to decoherence [2]. Second, due
to the AC Josephson effect the voltage across the SQUID
produces a microwave voltage pulse that can drive neigh-
bouring qubits into their excited states [3]. Whilst being
useful for proof-of-principle purposes, switching methods
are unsuitable for simultaneous measurements of multi-
ple qubits, or experiments in which the preservation of
the qubit state after the measurement is required (for
example, quantum non-demolition measurements [4]).
In an effort to overcome the above problems, an al-
ternative readout device was developed - the Josephson
Bifurcation Amplifier (JBA) [5]. The JBA is essentially
a nonlinear oscillator formed by a capacitively shunted
Josephson junction. The JBA uses a dispersive measure-
ment technique to avoid switching of the junction into
a finite voltage state. The principle of the measurement
technique is to drive the system with a sufficiently large
rf excitation whilst measuring the plasma frequency re-
sponse [4, 6]. This high drive power causes the oscillator
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to enter a nonlinear regime in which a bistablity occurs
[7]. As the plasma frequency response also varies with
the critical current of the junction it is possible to use
the JBA as a sensitive threshold detector. A particular
advantage of this measurement technique is that the JBA
will remain in the same state post measurement which al-
lows the system to be employed as a latching readout of
superconducting circuits such as flux qubits [8, 9].
Although the JBA addresses a number of the short-
comings of SQUID-based measurements, there are still
disadvantages to the method, namely the necessity for a
large amplitude electromagnetic field in the system. The
necessary coupling to the resonant cavity can also lead to
photon-induced dephasing of the qubit [10, 11]. Finally,
in order to properly drive the JBA a complicated and
expensive arrangement of transmission lines, circulators,
and rf electronics are required.
Hybrid Quantum Interference Devices (HyQUIDs) are
hybrid mesoscopic devices that act as sensitive detectors
of superconducting phase [12–14]. In this paper we show
how a HyQUID can be set in a bi-stable state exhibiting a
similar latching action to the JBA. This can be achieved
without the need for the aforementioned complicated rf
equipment - instead only the measurement of a quasi-dc
voltage is needed to perform the HyQUID readout.
II. THE HYBRID QUANTUM INTERFERENCE
DEVICE
A. HyQUID Operation Principles
The HyQUID consists of a superconducting loop in-
terrupted by a normal conductor weak link. A scanning
electron micrograph and device schematics are shown in
Fig. 1. The normal cross of the HyQUID makes con-
tact to normal electrodes at points a and b and to the
superconducting loop at points c and d . The electrical
resistance of the interferometer between points a and b
oscillates as a function of the superconducting phase dif-
ference φ = φ1 − φ2 between points c and d, and is de-
scribed by,
∆RN = γ(1− cos(φ)) (1)
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FIG. 1. (a) Scanning electron micrograph of the HyQUID
cross. The silver layer (normal metal) is coloured red, the
aluminium layer (superconductor) is coloured blue, and the
silicon-monoxide layer (insulating spacer) is coloured green.
(b) Circuit schematic showing the HyQUID cross. One branch
of the cross is connected to two normal metal reservoirs - a
four-point measurement is used to monitor the resistance of
the cross. The resistance of the normal branch oscillates as a
function of the phase difference between the two superconduc-
tors φ = φ1 − φ2. (c) Schematic demonstrating the principle
of operation of the HyQUID. The superconducting electrodes
are joined to form a loop. A magnetic flux Φ can be applied
to the loop using either an on-chip flux line (shown) or an ex-
ternal solenoid. The flux changes the phase difference across
the interferometer and the resulting change in the HyQUID
resistance is measured.
where γ is an amplitude factor controlled by properties
of the system such as the quality of the SN interface and
depends on the relation between the lengths of the nor-
mal conductor LSNS connecting the superconductors and
on characteristic length scales such as the electron phase
breaking length Lϕ =
√
Dτϕ and the coherence length
ξN =
√
h¯D/2pikBT , where τϕ is the phase breaking time
and D is the diffusion coefficient.
Due to the proximity effect, a superconducting Joseph-
son current can be induced in the normal segment of the
HyQUID with a critical value that depends on the dis-
tance between the two superconducting contacts, LSNS.
Fig. 2(a) shows that as the distance between the su-
perconducting contacts is increased the critical current
of the SNS junction reduces. This allows specific criti-
cal current values to be designed during the fabrication
stage. It is also possible to modify the critical current of
the SNS junction by applying a control current between
the two normal reservoirs. Fig. 2(b) shows the depen-
dence of the critical current of an SNS junction on the
applied bias current IN allowing full suppression of Ic and
thus control of the critical current during an experiment.
For the HyQUID used in this work we design and fabri-
cate the device parameters such that we are in the range
LSNS < ξN, Lφ. This allows us to modify the behaviour of
the HyQUID during the experiment and access different
operating regimes.
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FIG. 2. (a) Black open circles show the measured critical
current as a function of LSNS for SNS junctions with dif-
ferent LSNS. The critical current reduces as the length of
the SNS junction is increased. The red line shows a fit to
Ic ∝ exp (−LSNS/ξ) from which an estimate of the coher-
ence length can be made, ξ ≈ 570 nm. (b) Black open circles
show the measured critical current of the SNS junction with
increasing bias current IN applied between the two normal
reservoirs. The applied bias current IN provides control of
the critical current Ic.
B. HyQUID Fabrication and Measurement Setup
Figures 1(a) and 1(b) show a scanning electron mi-
crograph and circuit schematic of the interferometer de-
scribed in this paper. The patterns were defined using
standard electron beam lithography techniques. The nor-
mal and superconducting materials used were Ag and Al
respectively. Both were deposited using thermal evapo-
ration. In order to ensure a good interface between the
two metals an in situ argon etch was used.
The SNS junction was 100 nm wide and 50 nm thick,
and the distance between the two S contacts, LSNS =
500 nm. The distance between the two N reservoirs,
LNNN = 2000 nm. Using a simple approximation for a
square loop, we estimate the geometric inductance of the
loop to be L ≈ 100 pH. All measurements were con-
ducted in a 3He cryostat with a base temperature of
280 mK. The resistance of the interferometer was mea-
sured using standard lock-in amplifier techniques. The
magnetic flux through the interferometer Φ was con-
trolled using both a superconducting solenoid in the cryo-
stat and an on-chip flux line for pulsed measurements.
The pulses were controlled using an arbitrary waveform
generator. To modify the critical current we applied
a dc current IN between the two N reservoirs, so that
VN = INRN. We measure a normal state resistance
RN = 2.8 Ω at 280 mK. From this we calculate the dif-
fusion coefficient D = 0.156 m2s−1. The normal state
coherence length is then ξN = 780 nm and the phase
breaking length Lφ = 6.93µm. Several interferometers
were fabricated all showing similar behaviour.
3III. THE HYQUID IN BIFURCATION MODE
A. HyQUID Dynamics
Past investigations of hybrid normal-superconducting
interferometers have focused on the range where ξN <
LSNS < Lφ. In this regime the Josephson screening cur-
rent in the flux sensitive loop of the interferometer is
negligible. The phase-periodic oscillations in this regime
are sinusoidal (or cusp-like) as shown in Fig. 3(b), and
the phase-flux relationship is single-valued as shown in
Fig. 3(d).
In this work we investigate the HyQUID with LSNS
that is smaller than both the phase breaking length and
the coherence length; LSNS < ξN , Lφ. In this regime the
Josephson screening current is created with finite criti-
cal current Ic, changing the behaviour of the HyQUID
drastically. The dynamics can be described using the
resistively- and capacitively-shunted Josephson junction
(RCSJ) model [15, 16]. The dependence of the potential
energy of our system is described by,
U = EJ
[
1− cosφ+ (φ− φe)
2
2β
]
(2)
where φe is the externally applied phase, EJ = IcΦ0/2pi
is the Josephson energy, β = 2piLIc/Φ0 is the screening
parameter and L is the geometric inductance of the loop.
The potential energy of the system can therefore be
modified by control of β (through varying the dc current
IN) and through control of the external phase φe ap-
plied to the HyQUID. At large values of β (large critical
currents) there are several stable states corresponding to
minima in the local potential energy. At small values of
β (small critical currents) the system has only one stable
minimum. Fig. 3(a) shows the potential energy of the
HyQUID for different β values. The dynamics of such a
system can be experimentally observed by measuring the
differential resistance of the interferometer at different β
values.
The Josephson screening current is created with finite
critical current Ic, and the phase φ is related to the mag-
netic flux threading the loop by
2piΦ/Φ0 = φ+ β sinφ. (3)
As β is increased the relationship between φ and Φ be-
comes increasingly non-linear and at β > 1 becomes
multi-valued. At the points shown by arrows in Fig. 3(e)
the system can exist in two different states (bifurcation).
Fig. 3(c) and (e) show the operating regime that is dis-
cussed in this paper. When β > 1 the phase as a function
of applied flux is multivalued - initially the supercon-
ducting phase starts on one branch with positive gradi-
ent. As the flux approaches a critical value the gradient
changes sign. Beyond this critical flux the gradient be-
comes negative. The negative gradient represents values
of phase that are unstable and thus the phase jumps to
the next branch with a positive gradient. This results
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FIG. 3. (a) The potential energy of the HyQUID (see Eq. (2))
for different β values. By varying β the number and position
of minima can be controlled. (b) and (c) show the differen-
tial resistance of the interferometer as a function of applied
flux Φ for IN = 30µA (β = 4.95) and IN = 50µA (β = 1)
respectively. The blue data shows the differential resistance
when the flux is swept in the positive direction, red data when
flux is swept in a negative direction. The black dotted line
is a fit to theory using Eq. 1 and 3 showing the unstable re-
gions of the curve. (d) and (e) show the phase across the
interferometer φ as a function of the applied magnetic flux Φ
calculated using the values of β determined from (b) and (c)
respectively. The blue and red arrows show the points where
the phase switches between branches.
in dynamics that are path dependent (in our case, flux
sweep direction dependent). The differential resistance
as a function of applied flux is shown in Fig. 3(c). The
blue data is the positive flux sweep, the red data is the
negative flux sweep. The blue and red arrows on the
phase-flux diagram of Fig. 3(e) represent the correspond-
ing points where the phase switches between branches. It
should be noted that the two regimes shown (Fig. 3(b)
and Fig. 3(d)) are measured using the same HyQUID.
Only the applied dc current IN is used to tune between
these regimes. The full range of HyQUID differential re-
sistance behaviour is shown in Appendix A.
The differential resistance close to the bistable points
shows an extreme sensitivity to applied flux (as per
Fig. 3(c)). This happens because the height of the poten-
tial energy barrier keeping the system in the local poten-
tial well becomes small enough so that the system escapes
4the well. As we see from Eq. (2) the escape can be stim-
ulated by manipulation of external flux or, alternatively,
by manipulation of β via applied dc current IN (as per
Fig. 3(a)). The differential resistance as a function of the
bias current IN is shown in Fig. 4. In this control proto-
col the applied flux to the HyQUID is fixed and the bias
current IN is swept. Similar to the protocol of Fig. 3 the
dynamics arise as a result of instabilities of the phase-
flux diagram. In this case the value of β varies as IN is
varied, therefore the form of the phase-flux dependence
varies as IN is varied.
As IN is increased β reduces. As β is reduced the
phase-flux diagram tends towards linear. For a fixed ap-
plied flux as shown in Fig. 4(a), the HyQUID phase in-
creases as IN is increased. At some value of IN the phase
becomes unstable and a phase jump to the next branch
occurs. The phase progression as IN is varied is shown
in Fig. 4(a-b). The blue arrows represent the path when
IN is increased. The red arrows represent the path when
IN is decreased. By considering the differential resistance
of the HyQUID in this regime we again find that a hys-
teretic behaviour is observed (Fig. 4(c)) which allows the
HyQUID to be used as a latched readout device. The
experimental dependence of the differential resistance as
a function of IN for our device is shown in Fig. 4(d) and
agrees qualitatively with the modelled data.
B. Latching Readout
As described in the previous sections the high sensi-
tivity of the HyQUID to small changes in flux and/or
bias current at the bifurcation points can be used for
the construction of a new type of latching amplifier that
can be used for the readout of quantum circuits, such as
superconducting flux qubits.
To use the HyQUID as a latching readout we take
advantage of the bistability in the HyQUID dynamics
and implement pulsed measurements using two alterna-
tive protocols for manipulation of flux and bias current.
1. Latching readout using flux manipulation
The readout protocol is shown in Fig. 5. The applied
flux Φext to the HyQUID is controlled via an on-chip flux
line. The dc current IN is added to the small ac-current
used for lock-in detection. Both pulses are controlled
using an arbitrary waveform generator. We again use
the RCSJ model description of our system and use the
pulsed protocol to control the ‘particle’ in a potential en-
ergy well. The system is initialised so that the particle
sits in a single lower well (Fig. 5(c-i)). By increasing the
applied flux the well is raised (Fig. 5(c-ii)) trapping the
particle. A short flux pulse Φstep is applied for time ∆t,
temporarily lowering the barrier between the two wells
(Fig. 5(c-iii)) allowing for the possibility that the particle
escapes to the other well - this leads to a sudden change
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FIG. 4. (a) Phase-flux diagram for multiple values of β. For
clarity only a subset of curves are shown. The external flux
is fixed (Φ = 1.64Φ0) and the phase φ is found for each β
by solving Eq. (3). Some of the phase solutions occur on
negative gradients (green open circles) and are unstable. Only
the stable solutions (black open circles) are experimentally
accessible. The path dependence of the dynamics is illustrated
on the graph; as the bias current is increased (β decreased)
the phase increases until a negative gradient of the phase-
flux curve is reached (occurs on the solid black curve). The
phase then jumps to the next stable level and then progresses
smoothly again. This can be observed by following the blue
arrows on the graph. The red arrow represents the phase
progression as the bias current is reduced (β increased). (b)
The phase as a function of the applied dc current. As the
current is increased a jump in the phase is observed. (c)
This phase jump is then observed in the calculated differential
resistance of the HyQUID (Eq. (1)). A clear path dependence
is observed based on the direction of bias current sweep. (d)
Experimental differential resistance data as a function of the
applied dc bias current. Blue is the up current sweep, red
is the down current sweep. The behaviour of the HyQUID
during the experiment follows the model presented in (a)-(c).
in phase (which manifests as a change to the HyQUID
resistance). The barrier is reinstated by reducing the
applied flux and a measurement of the HyQUID resis-
tance is made - due to the latching nature of operation
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FIG. 5. Description of the pulsed measurement protocol used
to measure escape rates from the systems potential well. (a)
The blue line shows the applied flux Φext as a function of
time. (b) The red line shows the measurement current IN
through the vertical branch of the cross. The protocol can
be described by five regions (i) through (v) with the energy
potential shown for each region in (c): (i) System is initial-
ized so that it sits in a lower well. (ii) The well is raised by
increasing Φext. (iii) A short flux pulse Φstep is applied for
time ∆t, to temporarily lower the barrier. (iv) The barrier is
reinstated by reducing Φext. The HyQUID resistance is mea-
sured to determine if the system is in the upper or lower well.
(v) The system is reset. The escape probability Pescape can
be determined by repeating the process as a function of Φstep.
this measurement determines whether or not the parti-
cle escaped (Fig. 5(c-iv)). Finally, the system is reset by
removing the flux and current bias (Fig. 5(c-v)).
During stage (iii) of the measurement protocol the bar-
rier is reduced and the particle has some possibility of
escaping the the lower well. The escape rate from the
potential well is written as
Γ =
ω
2pi
exp[−U0/kBT ] (4)
where ω is the escape attempt frequency and U0 is the
barrier height [17]. For shallow wells, U0 can be described
by the cubic approximation
U0 =
2
3
√
1− β−2EJ3 (5)
where
 =
√
2(φc − φ)/
√
β2 − 1 (6)
and φc = [pi/2 +
√
β2 − 1 + sin−1(1/β)] is the external
phase at which U0 = 0. Since we ensure that the particle
always starts in the upper well we can write Pescape =
1− e−Γ∆t.
By repeating the measurement protocol many times
and stepping the height of the applied flux pulse that
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FIG. 6. Probability of escape as a function of step height
measured using the method described in Fig. 5 using a pulse
length ∆t = 200µs. σ is a figure of merit describing the
difference in Φstep between Pescape = 0.1 and Pescape = 0.9.
For this system σ = 0.006 Φ0.
controls the barrier a probability curve of state occupa-
tion can be experimentally determined. The resulting
probability curve is shown in Fig. 6. We define σ as
a figure of merit describing the fidelity of the readout,
which is the difference in flux Φ between Pescape = 0.1
and Pescape = 0.9. We show that our HyQUID readout
implementation can detect changes in flux σ = 0.006 Φ0.
This resolution is comparable to that of the bifurcation
amplifier used by Lupas¸cu et al. to probe the state of a
flux qubit [4].
2. Latching readout using bias current manipulation
The protocol shown in Fig. 7 uses the bias current
IN to control the potential well (by controlling β). One
advantage of this protocol is that the applied flux is con-
stant after initialisation which could be beneficial when
the readout circuit is coupled to a flux-sensitive device
such as a flux qubit. To estimate the performance of
the HyQUID latching readout using the protocol shown
in Fig. 7 we use experimentally determined probability
curves for multiple fixed values of IN. From the experi-
mental data shown in Fig. 6 we fit the probability curve
and extrapolate between probability curves measured at
different IN. This allows the simulation of a probability
curve for the protocol shown in Fig. 7. The switching
probabilities at two different values of applied flux are
shown in Fig. 8. We show two flux values Φstep = 1.02 Φ0,
and Φstep = 1.01 Φ0. Following the convention from Sid-
diqi et al. [5] we define the discrimination power d as the
maximum difference between the two switching probabil-
ity curves. The relative difference between the two curves
can be described as ∆Φ = 2(Φ2 − Φ1)/(Φ2 + Φ1). We
find that for ∆Φ/Φ0 ≈ 1%, d = 76%. This is comparable
to the performance described in Ref 5.
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FIG. 7. Alternative pulsed measurement protocol to de-
termine the escape probability. (a) Applied flux Φext as a
function of time. (b) Current IN as a function of time. Simi-
lar to Fig. 5 the protocol can be described by five regions (i)
through (v) with the energy potential shown for each region
in (c): (i) System is initialized so that it sits in a lower well.
(ii) The well is raised by increasing Φext. (iii) A short mea-
surement current pulse is applied to temporarily lower the
barrier. (iv) The barrier is reinstated by reducing the mea-
surement current pulse. The HyQUID resistance is measured
to determine if the system is in the upper or lower well. (v)
The system is reset. The escape probability Pescape can be
determined by repeating the process as a function of IN.
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FIG. 8. Probability of escape as a function of voltage applied
across the normal reservoirs. We show Pesc vs VN curves cor-
responding to two flux positions. The curves are obtained us-
ing the experimental Pesc vs Φstep curves like shown in Fig. 6.
We follow the convention of Siddiqi et al. [5] and describe the
discrimination power d as the maximum difference between
two switching probability curves. For ∆Φ/Φ0 = 1% we find
d ≈ 76%.
IV. DISCUSSION AND CONCLUSION
The latching amplifier is suitable for probing the state
of a superconducting qubit for a number of reasons.
Firstly, by correctly tuning the value of β it is possible
to make the magnetometer sensitive to extremely small
changes in flux. Secondly due to its latching action, the
act of reading out the qubit can be separated from the
act of probing the qubit, minimising the back-action.
Thirdly, by minimising the mutual inductance between
the flux sensitive loop and the bias current/voltage leads
(for instance, using a HyQUID with a folded cross de-
sign as per Ref 14) the decoherence of the qubit by the
measurement system can be minimised.
An important advantage of the HyQUID in bifurca-
tion mode is that the screening Josephson current acts
to reduce the thermal flux noise δΦth introduced by the
Nyquist noise in the SNS junction. In the absence of
Josephson screening current the Nyquist thermal noise
current δIth =
√
4kBT∆f/R, where R is the resistance
of the SNS junction in the normal state, introduces a cur-
rent that circulates in the loop δIi = δIth. The thermal
flux noise in the loop is then given by
δΦth = LδIth. (7)
This thermal flux noise increases the noise floor which
reduces the sensitivity of the magnetometer and con-
tributes to the back-action of the readout.
The Josephson supercurrent δIs influences the current
δIi and partially screens the Nyquist current. The cur-
rent circulating in the loop is δIi = δIs + δIth due to
current conservation [14]. The value of δIi can be deter-
mined by minimising the energy of the loop [14, 18]. The
total energy of the loop is,
W = Wk +Wm =
LδI2i
2
+
LkδI
2
s
2
(8)
where the first term describes the energy of the magnetic
field due to the circulating current δIi. The second term
describes the kinetic energy due to the superconducting
electrons in the normal branch of the HyQUID. The re-
sulting thermal flux noise is given by,
δΦth =
(
LLk
L+ Lk
)
Ith, (9)
where Lk = Φ0/2piIc is the kinetic inductance. Note
that δΦth → LkIth → 0 as Ic →∞ therefore designing a
HyQUID with a high critical current acts to reduces the
flux noise induced by the interferometer that can cause
decoherence in the coupled qubit.
To further optimize the HyQUID for latching read-
out we focus on the figures of merit σ and d. By ex-
amination of Eq. (5) we see that the value of dU0/dΦ
close to Φ = Φ0/2pi should reach a maximum as β → 1.
Therefore to minimise σ, the HyQUID should be oper-
ated close to this point. The performance of the HyQUID
7could therefore be improved by designing an interferom-
eter with 1 > β > 1.5 when IN = 0. This could be
achieved by adjusting the junction length LSNS and/or
the HyQUID loop size. This would allow the HyQUID
to operate at close to its optimal point using only a small
bias current IN through the resistive N branch reducing
any heating effects. The response time of the HyQUID
is estimated to be less than 40 ps [19] - fast enough to
enable utilization of the HyQUID latching readout in typ-
ical qubit readout protocols (see for instance [20, 21]).
In conclusion, we present a Hybrid Quantum Interfer-
ence Device that can be set in a bistable regime through
in situ control of the Josephson screening current by ap-
plication of a dc tuning current without entering the nor-
mal state. We show that in this regime the HyQUID
can be operated in a latching mode for quantum circuit
readout. We have employed a pulsed measurement to
investigate the dynamics of the HyQUID in this mode,
and test the fidelity of the readout. The differential re-
sistance behaviour as a function of either flux or current
is in agreement with our modelling of the HyQUID dy-
namics.
We believe that this embodiment of the HyQUID is
suitable for applications where high sensitivity and low
back-action are needed. In particular, we believe that the
techniques described here could be applied to the readout
of superconducting flux qubits.
The latching dynamics of the HyQUID may also have
utility in superconducting logic architectures as a storage
cell such as those proposed in Ref 22 where a quantum
state may stored and then read out much later.
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Appendix A: Tunable HyQUID Operation
As discussed in the main text the HyQUID operation
regime can be tuned by varying the β screening parame-
ter (by varying the critical current through application of
a dc current between the two normal reservoirs). Figure
9 shows the oscillations of the differential resistance of
the interferometer as a function of the applied flux Φ at
different IN-controlled β. At large β periodic oscillations
with regular sharp changes in the resistance as a function
of the applied flux are seen showing hysteresis when the
field sweep direction is reversed. The phase as a func-
tion of flux at this value of β is multivalued. Initially the
superconducting phase starts on one branch where there
is a relatively small gradient. As the flux approaches a
critical value the gradient changes sign. Past this criti-
cal flux, the gradient becomes negative. Values of phase
on the negative gradient are unstable and so the phase
jumps to the next branch, leading to the sudden switch
seen in the magnetoresistance. This process is described
in the main text and shown in Fig. 3.
As we increase IN, the hysteresis disappears (corre-
sponds to the interferometer having β < 1). The rela-
tionship between phase and flux is no longer multival-
ued and RN as a function of Φ is no longer path de-
pendant (see Figures 3(b) and 3(d)). The transfer func-
tion dV/dΦ is maximised around Φ = Φ0/2. Operating
the interferometer in this regime enhances the sensitivity
with dV/dΦ = 1.92µV Φ−10 (where V is the voltage mea-
sured by the lock-in amplifier across RN) compared to
0.27µV,Φ−10 for a perfectly sinusoidal oscillation of the
same amplitude.
At higher values of IN we observe a splitting of the
peaks of the magnetoresistance oscillations and eventu-
ally a pi shift in the phase of the oscillations. This is a
consequence of the change in the differential resistance
at higher measuring currents. A detailed explanation of
this phenomenon can be found in Ref [23].
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FIG. 9. (a) Differential resistance of the HyQUID as a func-
tion of applied flux Φ at different bias currents IN . The plots
are offset on the y-axis for clarity. Progression from the hys-
teretic regime (IN large; Ic, β small) to the non-hysteretic
regime (IN small; Ic, β large) is clearly demonstrated.
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